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ABSTRACT Listeria monocytogenes causes the severe foodborne disease listeriosis.
Several clonal groups of L. monocytogenes possess the pathogenicity islands Listeria
pathogenicity island 3 (LIPI-3) and LIPI-4. Here, we investigated the prevalence and
genetic diversity of LIPI-3 and LIPI-4 among 63 strains of seven nonpathogenic Listeria
spp. from the natural environment, i.e, wildlife (black bears [Ursus americanus]) and sur-
face water. Analysis of the whole-genome sequence data suggested that both islands
were horizontally acquired but differed considerably in their incidence and genetic diver-
sity. LIPI-3 was identified among half of the L. innocua strains in the same genomic loca-
tion as in L. monocytogenes (guaA hot spot) in a truncated form, with only three strains
harboring full-length LIPI-3, and a highly divergent partial LIPI-3 was observed in three
Listeria seeligeri strains, outside the guaA hot spot. Premature stop codons (PMSCs) and
frameshifts were frequently noted in the LIPI-3 gene encoding listeriolysin S. On the other
hand, full-length LIPI-4 without any PMSCs was found in all Listeria innocua strains, in the
same genomic location as L. monocytogenes and with ~85% similarity to the L. monocyto-
genes counterpart. Our study provides intriguing examples of genetic changes that patho-
genicity islands may undergo in nonpathogenic bacterial species, potentially in response
to environmental pressures that promote either maintenance or degeneration of the
islands. Investigations of the roles that LIPI-3 and LIPI-4 play in nonpathogenic Listeria spp.
are warranted to further understand the differential evolution of genetic elements in path-
ogenic versus nonpathogenic hosts of the same genus.

IMPORTANCE Listeria monocytogenes is a serious foodborne pathogen that can harbor
the pathogenicity islands Listeria pathogenicity island 3 (LIPI-3) and LIPI-4. Intriguingly,
these have also been reported in nonpathogenic L. innocua from food and farm envi-
ronments, though limited information is available for strains from the natural environ-
ment. Here, we analyzed whole-genome sequence data of nonpathogenic Listeria spp.
from wildlife and surface water to further elucidate the genetic diversity and evolution
of LIPI-3 and LIPI-4 in Listeria. While the full-length islands were found only in L. innocua,
LIPI-3 was uncommon and exhibited frequent truncation and genetic diversification,
while LIPI-4 was remarkable in being ubiquitous, albeit diversified from L. monocyto-
genes. These contrasting features demonstrate that pathogenicity islands in nonpatho-
genic hosts can evolve along different trajectories, leading to either degeneration or
maintenance, and highlight the need to examine their physiological roles in nonpatho-
genic hosts.

KEYWORDS Listeria, genetic diversity, pathogenicity islands

isteria monocytogenes is a Gram-positive, facultative intracellular bacterial food-
borne pathogen responsible for the severe disease listeriosis in humans and other
animals, and it is the only human pathogen in the genus Listeria (1-3). It is transmitted
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primarily through ready-to-eat foods that become contaminated in the food processing
environment, and populations at especially high risk include the elderly, pregnant
women and their fetuses, and immunocompromised individuals (1, 4). Symptoms of sys-
temic listeriosis can be severe, e.g., septicemia, meningitis, stillbirths, and abortions, and
case fatality rate is high (16 to 30%), even after administration of antimicrobial treatment
(2, 4-7). L. monocytogenes is genomically partitioned into four genomic lineages, of
which lineages | and Il include most strains implicated in human listeriosis (3, 4, 8).

Key to the capacity of L. monocytogenes to cause invasive illness is the chromosomal
Listeria pathogenicity island 1 (LIPI-1), which harbors genes mediating intracellular
growth and cell-to-cell dispersal such as hly, which encodes the hemolysin listeriolysin O,
two different phospholipase genes, actA, required for actin polymerization and cell-to-
cell spread, and prfA, encoding a transcription factor critical for regulation of virulence
determinants (9, 10). A similar chromosomal island designated LIPI-2 is harbored by
Listeria ivanovii, which can cause listeriosis in ruminants (9).

LIPI-1 is harbored by all genomic lineages and serotypes of L. monocytogenes, but
subsequent investigations revealed two additional Listeria pathogenicity islands, desig-
nated LIPI-3 and LIPI-4, harbored only by certain L. monocytogenes lineages and clones
(9-11). Specifically, LIPI-3 is primarily detected in certain strains of lineage | (serotypes 1/
2b and 4b) and mediates production of the cytolytic peptide listeriolysin S, expressed
exclusively in the intestine and found to have major roles in controlling microbial com-
munity composition in the gut lumen (11-14). On the other hand, LIPI-4 was not discov-
ered until multilocus sequence typing (MLST)-based analysis of L. monocytogenes clones
from human listeriosis and foods revealed that strains of sequence type 4 (ST4) were
much more likely to be implicated in human disease than predicted based on their inci-
dence in foods, thus constituting a hypervirulent clone of L. monocytogenes (15). Whole-
genome sequencing (WGS) analysis of ST4 strains revealed that a cluster of six genes
annotated as a cellobiose-family phosphotransferase system (PTS) were harbored by this
clone but not by other major clones of L. monocytogenes (15). Experimental virulence
assessments in the murine model revealed that the genes were critical for neuroviru-
lence and placental virulence of L. monocytogenes, and the gene cluster was designated
LIPI-4 (15). Even though LIPI-4 was originally considered unique to the hypervirulent
clone ST4, subsequent WGS analyses identified LIPI-4 in several other clones, including
the emerging clone ST382, implicated in recent outbreaks of listeriosis via produce in
the United States (10, 14, 16).

Even though LIPI-3 and LIPI-4 have been extensively investigated in L. monocyto-
genes, our understanding of the evolution of these islands and their distribution in other
Listeria spp. remains limited. LIPI-3 has been detected in its entirety in several strains of
the nonpathogenic species Listeria innocua, and these strains could be rendered hemo-
lytic when the LIPI-3-borne Ils genes were placed under the control of a constitutive pro-
moter (17). On the other hand, analysis of the available literature reveals that LIPI-4 was
also harbored by several L. innocua strains (10, 18). These studies investigated specific
panels of L. innocua, primarily from foods, food processing environments, food animals,
and silage (17, 18). There is a noticeable dearth of information on incidence or diversity
of LIPI-3 or LIPI-4 in L. innocua and other nonpathogenic Listeria spp. from diverse sour-
ces, as evidenced by the fact that these previous studies included just two strains from
the natural environment (water puddle and leaves) and two from wildlife, specifically,
birds in Finland (17, 18). In this work, we employed WGS-based analysis to investigate
the distribution and genomic organization of these pathogenicity islands in a panel of
nonpathogenic Listeria spp. that included L. innocua, L. seeligeri, and other Listeria spp.
that we isolated relatively recently (2014 to 2019) from the aquatic environment and
mammalian wildlife (American black bears [Ursus americanus]) in the United States.

RESULTS AND DISCUSSION

Genes associated with LIPI-3 are harbored frequently by L. innocua of aquatic
or wildlife origin but are largely absent from other nonpathogenic Listeria spp.
Our panel of 63 strains of nonpathogenic Listeria spp. included members of seven species,
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FIG 1 Phylogenetic tree of the whole-genome sequences of the strains investigated in this study. Genome sequences were aligned, bootstrapped, and
visualized as described in Materials and Methods. Species, sources, and types of LIPI-3 (absence of LIPI-3 [—], full-length LIPI-3 [+], partial LIPI-3 consisting
of IIsSAGHX, and partial LIPI-3 consisting of /[sGHX) and LIPI-4 (absence of LIPI-4 [—] and full-length LIPI-4 [+]) are shown in the heat map to the right of the
tree. ST and, if available, CC designations based on the seven-housekeeping-gene MLST scheme from the Institut Pasteur MLST database are included after
the strain designation within parentheses.

of which L. innocua (n = 36), L. seeligeri (n = 16), and L. welshimeri (n = 6) were most predomi-
nant (Fig. 1; also, see Table S1 in the supplemental material). Other species included L. new-
yorkensis (n = 2), L. booriae (n = 1), and L. fleischmannii (n = 1), while one strain was closest to
L. rocourtiae and may represent a novel species; this strain will be described in a separate
presentation (Table S1; Fig. 1). Although hemolytic L. innocua strains were previously
reported (18), all the L. innocua strains in our panel were nonhemolytic (data not shown).
Analysis with Genome Comparator revealed that homologs of two or more LIPI-3 genes
(lls genes) were common in L. innocua, where they were detected in approximately 50% of
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the isolates (Table S1; Fig. 2A and B). Outside L. innocua, lls genes were only detected in
three strains of L. seeligeri (Table S1; Fig. 2A and B). In most cases, LIPI-3 was truncated (par-
tial), lacking the genes at the 3’ terminus of the island that are involved in the posttransla-
tional modification of the llsA-encoded structural peptide (/lsBYD) and a metalloprotease
gene responsible for the cleavage of the leader peptide (llsP) (11, 19) (Table S1; Fig. 3).
Closer scrutiny revealed two partial LIPI-3 types, ie., lISAGHX and llsGH (Table S1).
Interestingly, the latter was found only in three strains of L. seeligeri (Table S1).

To confirm the Genome Comparator data and identify /ls homologs in other strains,
we conducted BLAST2 searches between each genome and the LIPI-3 island from L.
monocytogenes F2365 to identify the LIPI-3 regions. When an /ls homolog was identi-
fied via pairwise comparisons of LIPI-3 regions but was not annotated via the annota-
tion program Prokka, as observed with /lsA and [IsP, the genomic region where the
missing /ls homolog is expected was rigorously annotated by finding additional,
smaller open reading frames (ORFs) via getorf and conducting BLASTp searches. This
analysis largely corroborated the observations from Genome Comparator but also
revealed two new findings. First, llsX homologs were identified in L. seeligeri strains in
which only /lIsG and lIsH were detected via Genome Comparator (Table S1; Fig. 3D);
hence, these partial LIPI-3 variants are referred to here as l[sGHX, while those consisting
of all four IIs genes in the 5’ portion of the island are designated I/[SAGHX. Second, an
additional putative bacteriocin gene was discovered downstream of the canonical lIsA,
which is designated /IsA2 and further discussed below (Fig. 3).

A highly conserved full-length LIPI-3 was harbored by certain L. innocua strains
in the same genetic location (guaA genomic hot spot) as in L. monocytogenes and
included lisA2. Full-length LIPI-3 was observed in just three of the 36 L. innocua
strains: strain SKB154 (ST1086) from a black bear (U. americanus) and two ST1489
strains (SKWL214 and SKWL246) obtained 12 days apart from water in an urban creek
(Table S1; Fig. 2A and B and 4A). Pairwise comparisons with Clustal Omega revealed
that the full-length LIPI-3 was highly conserved (99.0 to 100.0% identity) among these
three strains as well as among different strains of L. monocytogenes (99.5 to 99.9%
identity) (Table S2). However, noticeably lower identity (95.5 to 97.2%) was found
between the full-length LIPI-3 of the three L. innocua strains and L. monocytogenes,
suggesting diversification of the island between L. innocua and L. monocytogenes
(Table S2). This trend was also evidenced in the phylogenetic tree of LIPI-3 sequences,
where the sequences of full-length LIPI-3 from L. innocua formed a separate group
from their counterparts in L. monocytogenes (Fig. 4A).

Similar observations were obtained with the pairwise BLASTn comparisons with
the LIPI-3 flanking regions (Fig. 3A). The flanking regions were highly conserved
both among L. monocytogenes strains (>99% identity) and L. innocua (>98% identity)
(Fig. 3A). However, a lower similarity (approximately 96%) was noted between the
flanking regions of L. monocytogenes F2365 and L. innocua SKWL214 (Fig. 3A), suggest-
ing that the LIPI-3 diversification between L. monocytogenes and L. innocua extends to
the regions flanking the island as well. Nonetheless, in L. innocua, the full-length LIPI-3
was located next to guaA (Fig. 3A), a genomic hot spot that also harbors LIPI-3 and
other genomic islands in L. monocytogenes (20, 21). However, a gene encoding a VOC
family protein (LMOF2365_RS05565 in F2365) was absent from the L. innocua strains
with full-length LIPI-3, while it was harbored by L. monocytogenes strains F2365 and
CFSANO023463 between guaA and LIPI-3 (Fig. 3A).

A multifaceted annotation strategy that employed Prokka and, when necessary,
getorf and BLASTp revealed that all the full-length LIPI-3 regions, whether from L. inno-
cua or from L. monocytogenes, contained two bacteriocin genes, i.e., llsA and llsA2 (Fig.
3A). In L. monocytogenes F2365, IIsA2 was 117 bp and overlapped /IsA by 73 bp (Fig. 5).
BLAST2 with LIsA and LIsA2 did not detect any homology between these two proteins,
and a National Center for Biotechnology Information (NCBI) conserved-domain search
failed to reveal any known conserved motifs. However, when analyzed with BLASTp
against the NCBI nr database, the deduced LIsA2 polypeptide exhibited 94.1% similar-
ity with listeriolysin S family toxin, which contains the LIsA sequence and 15 extra
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Species

A @ L. innocua [36]

© L. seeligeri [16]

2 @ L. welshimeri [6]

© L. newyorkensis [2]
@ L. booriae [1]
© L. fleischmannii [1]
@ Listeria sp. [1]

LIPI3

@®-[42)

O lIsAGHX [15])

@ + (full-length) [3)
O lIsGHX [3]

LIPI4
@ + (full-length) [36]
7]

FIG 2 MSTs of the strains examined in this study. The MSTs were constructed with GrapeTree as described
in Materials and Methods. Each clonal group is represented as a pie chart, which is marked with different
colors representing species (A) and types of LIPI-3 (B) and LIPI-4 (C). In the color labels, the number of
strains marked with each color is shown in brackets. Inside each pie chart, ST designations are included,
and the size of the pie chart corresponds to the number of strains belonging to each clone.
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FIG 3 Comparison of LIPI-3 (A to D) and LIPI-4 (E), including flanking regions. (A) Full-length LIPI-3
regions harbored by strains from our panel (SKWL214, SKWL246, and SKB154), L. monocytogenes strains
(H7858, CFSAN023463, and F2365), and L. innocua strains previously reported to harbor full-length LIPI-3
(12KSM and ATCC 33091) (18). (B) Partial LIPI-3 comprising llSAGHX without additional genes next to
guaA. Strains from our panel were compared with the full-length LIPI-3 in L. monocytogenes F2365 and
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amino acids at the C-terminal end. A promoter was detected upstream of /lsA2, but the
Shine-Dalgarno sequence was not found via visual inspection in the vicinity of the start
of llsA2, possibly explaining why this gene was previously overlooked, in addition to its
small size.

As with a previous study that revealed that premature stop codons (PMSCs) were often
observed in llsA of L. innocua harboring partial LIPI-3 but absent in /lIsA in full-length LIPI-3
(18), no PMSCs were detected in llsA of the L. innocua strains with full-length LIPI-3 in our
panel (Fig. 5; Table S3). None of the other lls genes in full-length LIPI-3 were found to har-
bor PMSCs when their lengths and protein sequence alignments were inspected (Table
S3), suggesting the presence of functional LIPI-3 in these L. innocua strains.

The three L. innocua strains with full-length LIPI-3 were recently isolated from natu-
ral environments (urban water and wildlife) in North Carolina, USA, and it would be of
interest to determine whether their LIPI-3 regions were similar to those in L. innocua
strains from other sources (e.g., food processing environments), regions, and periods
(17, 18). We therefore extracted and analyzed the LIPI-3 regions from two such strains
(12KSM and ATCC 33091, from the food production environment in Austria in 2012
and a human case in Denmark in 1971, respectively) (18). These strains belonged to
STs that were not encountered in our panel (ST2347 and ST132, respectively), suggest-
ing that the full-length LIPI-3 is harbored by multiple clonal groups of L. innocua (Table
S1). The LIPI-3 sequences from all five strains were found to be highly similar (97.1% to
99.9% identity), harbored the full-length LIPI-3 in the guaA hot spot, and included /IsA
and /IsA2, with no PMSCs (Tables S2 and S3; Fig. 3A and 5). Thus, the full-length LIPI-3
in the nonpathogenic species L. innocua is highly conserved among strains from
diverse geographical regions, sources, and periods. In the course of this analysis, we
found that CFSAN045773, which was reported to harbor full-length LIPI-3 (18), actually
bore a partial LIPI-3 (Fig. 3B), which is discussed below.

Partial LIPI-3 with marked genetic diversity in /IsA was located in the guaA hot
spot of L. innocua, while genetically diversified partial LIPI-3 lacking known bac-
teriocin genes was harbored by L. seeligeri at a different genomic location. Several
strains in our panel harbored truncated LIPI-3 (/ISAGHX and llsGHX) missing several of
the IIs genes at the 3’ portion of the island (Table S1; Fig. 3B to D). The l[sSAGHX island
was common in L. innocua, where it was detected in 15 of the 36 strains (approxi-
mately 42%), while /lsGHX was found only in three strains of L. seeligeri from water in
the Upper Snake Rock watershed (Table S1; Fig. 2A and B and 4A). The L. innocua
strains belonged to different STs, among which ST1008 (n = 7) and ST1482 (n = 4) were
predominant, and were derived from water (n = 8) and wildlife (n = 7) (Table S1;
Fig. 2A and B and 4A).

FIG 3 Legend (Continued)

L. innocua SKWL214 and with the partial LIPI-3 in L. innocua strains previously reported by Moura et al.
(CLIP 2016/00427, CLIP 2016/00428, CFSAN045773, and FDA00005074) (18). (C) Partial LIPI-3 consisting of
IISAGHX with extra genes between guaA and LIPI-3, which was harbored by strains SKB551 and TFB154A
from our panel. These strains were compared with strain SKB640 harboring IlSAGHX without additional
upstream genes. (D) Partial LIPI-3 variant consisting only of llsGHX identified in L. seeligeri strains (AIO257A,
MC478A and MLA910A). These strains were aligned with the full-length LIPI-3 from L. monocytogenes
strain F2365 and the partial LIPI-3 /[SAGHX from L. innocua strain SKWL107. (E) LIPI-4 from representative
strains from our panel, L. monocytogenes strains (CFSAN023463 and CLIP 80459) and L. innocua strains
reported by Moura et al. (12KSM, ATCC 33091, and CLIP 2016/00427) (18). Representative strains were
selected from our panel so that the figure does not include identical sequences and as many strains as
possible are represented (Table S4). The other three L. innocua strains reported by Moura et al. (CLIP
2016/00428, CFSAN045773, and FDA00005074) (18) were not included in the figure, since LIPI-4 in strain
CLIP 2016/00428 was identical to that of strain CLIP 2016/00427, while strains CFSAN045773 and
FDA00005074 harbored the same LIPI-4 as strain SKWL107 (Table S4). Homologous regions were
identified via BLAST2 conducted with the blastn algorithm and visualized with Easyfig as described in
Materials and Methods. Similarity of the homologous regions is indicated in different shades of gray as
marked in the gradient bar and percent sequence similarity of main homologous regions is indicated by
numbers in light gray or white. Genes are signified by arrows whose direction corresponds to direction of
transcription. LIPI-3 and LIPI-4 genes are in pink and turquoise, respectively, whereas those outside the
islands are in light gray. LIPI-3 and LIPI-4 genes are designated near the corresponding arrows, and locus
tags are provided near terminal flanking genes.
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FIG 4 Phylogenetic trees of LIPI-3 (A) and LIPI-4 (B) present in the strains examined in this study and representative L.
monocytogenes strains as described in Materials and Methods. Metadata are shown in the heat map next to the tree using different
colors that represent species, source, and types of LIPI-3 and LIPI-4 (—, absence). MLST-based ST and, if available, CC designations are

indicated within parentheses next to strain names.
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AL0257A AGGAGTAAAATTAAGAGAATTAT--AGATAACCTTTTTAAACCTT-AAATCARRATATTT 57
SKB766 -==TTTTTTATTTCGATAATTATATTGATAACGTT TTCACAATGTGGT AGGATGAACTAA 57
CFSAN045773 --=TTTTTTATTTCGATAATTATATTGATAACGTT TTCACAATGTGGT AGGATGAACTAA 57
9117-274 ==TTTTTTTATTTCGATAATTATATTGATAACGTTTTCACAATGTGGT AGGATGAACTAA 58
SKB640 ==TTTTTTTATTTCGATAATTATATTGAAAACGTTTTCACAATGTGGT AGGATGAACTAA 58

CLIP 2016/00427 ATTTCGATAATTATATTGATAACGTTTTCACAATGTGGT AGGATGAACTAA 52
F2365 = TGATAATTATATTGAAAACGATTTCACAATGTGATAGGATGAACTAA 47
H7858 TGATAATTATATTGAAAACGGT TTCACAATGTGATAGGATGAACTAA 47

SKB154 ==TTTTTTTATTTCGATAATTATATTGATAACGTT TTCACAATGTGGT AGGATGAACTAA 58

SKB551 TATATTGATAACGTTTTCACAATGTGGT AGGATGAACTAA 40
SKEL214 - TTATTTIGATAATTATATTGAAAACGAT TTCACAATATGATAGGATGAACTAA 53
TFBIS4A - TTATTTCGAT AATTATATGGAAT ACGAT TTCTCAATGTGATAAGATGAACTAA 53
12KSH TGATAATTATATTGAAAACGAT TTCACAATATGATAGGAT GAACTAA 47
ATCC33081 TGATAATTACATTGAAAACGAT TTCACAATGTGAT AAGAT GAACTAA 47
xx ok oxx oxmx X X % %X % %
A10257A ATCATTTTAAATTACAAATTGCGAAAARAT ARAAAGT TCACAARATATACATTTTTTAAA 117
SKB766 AGGATAATTTATTCCAAAAAATARAAAAGGAACCA TT TGARTGARACTTARATOA----- 112
CFSAND45773 AGGATAATTTATTCCAAAAAATAAAAAAGGAACCATT TGARTGARRCT TARATCA 12
9117-274 AGGATAATTTATTCCAAAAAATAA AAAAGGAACCATT TGARTGAATAT TARATCA 13
SKBB40 AGGATAATTTATTCCAAAAAATAAAAAAGGAACCATT TGARTGAATATTARATCA - 13
CLIP 2016/00427  AGGATAATTTATTCCAAAAAATARARAAGGAACCATT TGARTGAATATTARATCA- 107
F2365 GOGATAATTTATTCCAAAAAATAA-AAAGGAGGCA TT TGARTGAATAT TAAATCA 101
H7858 GOGATAATTTATTCCAAAAAATAA-AAAGGAGGCA TT TGARTGARTATTARATCA- 101
SKB154 AGGATAATTTATTCCAAAAAATAAAAAAGGAACCA TTTGARTGAATATTAAATCA
SKB551 AGGATAATTTATTCCAAAAAATAAAAAAGGAACCA TT TGARTGAATATTARATCA -
SK¥L214 GGGATAATTTATTCCAAAAAATAA -AAAGGAGGCA TT TGARTGARTAT TARATCA-
TFBIS4A GGGATAATTTATTCCAAAAAT AAA-AAAGGAAGCA TTTGARTGAATATTARATCA-
12KSH GGGATAATTTATTCCAAAAAATAA-AAAGGAGGCA TTTGARTGAATATTARATCA-
ATCC33091 GGGATAATTTATTCCAAAAAATAA -AAAGGAGGCA TT TGARTGAATAT TARATCA-
XXX KX XXXX * Xxx X x XX x % x xx
AL02574 ATTTGTTTGCAATTAAAGGGATTTCGCATT TATTTTGATATAGT TCTGTGCTAGTATCAC 177
SKB766 ACAGTA---ATAATGCT GTAGGCT CTGAAGTGATGAAC 164
CFSAND45773 AAGTGGGTACAGTA -~ -AT AATGCT GTAGGCT CT GAAGT GATGAAC 164
9117-274 164
SKBB4D - ATAATGOTGTAGGOTCTGMGTGATOMO 154
CLIP 2016/00427 - -ATAATGCT TTAGGCTCT GAAGT GATGAAC 158
F2365 -ATARTGCTGTAGGCTCTGAAGCARTGAAC 152
H7858 -ATARTGOTGTAGGCTCTGAAGCAATGAAC 152
SKB154 -ATARTGOTGTAGGCTCTGAAGCARTGAAC 164
SKBS51 -ATARTGCTGTAGGCTCTGARGTGATGARC 146
SKIL214 --ATAATGCTGTAGGCTCTGAAGCAATGAAC 158
TFBIS4A -ATARTGCTGTAGGCTCTGAAGCARTGAAC 1568
12KsM -ATARTGOTGTAGGCTCTGAAGCAATGAAC 152
ATCC33091 -ATAATGCTGTAGGCTCTGAAGCARTGAAC 152
X oxx ok =
A102574 AATAAGAAAGGATATCACT TATCATAGCCGTGAGAGTGAATATGCTCTCGTTCTAGATGA 237
SKB768 TATGCAGCTGGATGT TACTCATGT TCTTGT TCAACTT GCAC- --ATG------------T 209
CFSAND45773 TATGCAGCTGGATGT TACTCATGTTCTTGT TCAACTTGCAC---AT6-
9117-274
SKBE40
CLIP 2016/00427
F2365
H7858
SKB154
SKBS51
SKIL214
TFBI544
12KsH
ATCC33091
*x KX X XX XX X xx %® X *
AL0257A ACATGTGOTTCT TTAACTACAACGAAAGAGTGAAAAT COTG- === == === --==--= 278
$SKB766 ATATGAGCATTATCTGCTACGACCAAAATATAAAT TTTAGAATGAAAAAGGGATGCATTT 269
CFSANO45773 ATATGAGCAT TATCTGCTACGACCAAAATATAAAT TTTAGAATGAAAAAGGGATGCATTT 269
9117-274 ATTATCTGCTACGACCAAAATGTAAAT TTTAGAATGAAAAAGGGATGCACTT 269
SKBG40 ATTATCTGCTACGACCAAAATGTAAAT TTTAGAATGAAAAAGGGATGCACTT 269
CLIP 2016/00427 ATTATCTGCTACAACCAAAATGTAAATTTTAGAATGAAAAAGGGATACTTTT 263
F2365 ATTTTAGAATGARAAAGGGATACATTT 263
H7858 HOATGOGOATCATOTGOTGOARCORRAATGTARAT 1T TAGAATGAAAAAGGGATACATTT 263
SKB154 HOATGOGOATCATOTGOTGONACCARRATGTARAT TTTAGAATGAAAAAGGGATACATTT 269
SKBSS1 HOATGOGOATCATOTGOTACAROCARRATGTARAT 1T TAGAATGAAARAGGGATACTTTT 263
SKIL21 4 HCATGOGCATCATOTGOTGOARCCARRRTGIARAT T TAGAA TGAAAAGGGATACATTT 269
TFBIS4A HCATGOGCGTCATOTCOTACAACCARRATGTARAT T TAGAA TGAAARAGGGATACATTT 269
12KSH HCATGOGCATCATCTGCTGOARCORRRRTATARAT TTTAGAATGARAAAGGGATACATTT 263

ATCC33091 _nnnwmummucnn 263

XX KX E X KK X XX KEE X XX

(30177 I ARATTAAGGAGTGTATCTACCAATGARAAATA 310
SKB766 GTGTCCCTTTTCAATAAGT TATGAGGTGCAAATGCATATGA----- - 310
CFSAND45773 GTGTCCCTTTTCAATAAGT TATGAGGTGCA TATGCATATGA- - 310
9117-274 GTGTCCCTTTTCAAT AAGT TATGAGGTGCAAATGCATAT GA- 310
SKB640 GTGTCCCTTTTCAATAAGT TATGAGGTGCAAAT GOATAT GA----- - 310
CLIP 2016/00427 GTGTCCCTTTTCAATAAGTTATGAGGTGCATGTGCATATGAATAATA 310
F2365 GTGTCCCTTTTCAATAAGT TATGAGGTGCATGT GCATATGAATAATA 310
H7858 GTGTCCCTTTTCAATAAGT TATGAGGTGCATGT GCATATGAATAATA 310
SKB154 GTGTCCCTTTTCAATAAGT TATGAGGTGCA TATGCATAT GA----- - 310
SKBSS1 GTGTCCCTTTTCAATAAGT TATGAGGTGCATGT GCATATGAATAATA 310
SKILZ14 GTGTCCCTTTTCAATAAGT TATGAGGTGCA TATGCATAT GA- - 310
TFB1544 GTGTCCCTTTTCAATAAGT TATGAGGTGCA TATGCATAT GA- - 310
12KSM GTGTCCCTTTTCAATAAGT TATGAGGTGCATATGCATATGAATAATA 310
ATCC33091 GTGTCCCTTTTCAATAAGT TATGAGGTGCATGT GCATATGAATAATA 310

KEOKEE K KKK X ® K REEK

FIG 5 Alignment of the genomic region consisting of 300 bp upstream of /IsG and 10 bp of /IsG,
which encompasses lIsA and the novel bacteriocin gene /IsA2. Representative sequences were chosen
to remove redundant sequences. The /lsA and llsA2 genes are marked by blue highlighting and red
font, respectively, while /lsG gene is highlighted in gray. Changes in lIlsA due to PMSCs or SNPs are
highlighted in yellow, and imperative genetic changes are marked with red rectangles.
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Similarly to the full-length LIPI-3 described above, lSAGHX was located in the guaA
hot spot and exhibited conservation of the flanking regions (Fig. 3B and C). Two strains,
L. innocua SKB551 (ST1481) and TFB154A (ST2744), harbored additional genes between
guaA and lIsAGHX (Fig. 3C). L. innocua SKB551 harbored in this region a putative 21.6-
kb DNA transposon with 22 genes, including those putatively encoding the tyrosine
recombinase XerC, the tetracycline resistance ribosomal protection protein Tet(M), and
the 15256 family transposase 1S1542. L. innocua TFB154A bore a 5.3-kb sequence with
five genes encoding hypothetical proteins upstream of lISAGHX (Fig. 3C). These inser-
tions provide further evidence for the guaA locus as a genetic hot spot prone to
genetic diversification in both L. innocua and L. monocytogenes. Interestingly, the par-
tial LIPI-3 llsGHX was, as mentioned above, detected only in three strains of L. seeligeri,
where it was inserted in an unrelated chromosomal location between a hypothetical
protein gene and a formate acetyltransferase gene (Fig. 3D). The extent to which this
location may serve as a genetic hot spot in L. seeligeri remains to be determined.

Seven of the 15 L. innocua strains with the partial LIPI-3 /[SAGHX harbored both //sA and
lIsA2, as also observed in the full-length LIPI-3 of L. innocua and L. monocytogenes (Fig. 3B
and (). However, five of these seven strains shared a truncated //sA of 117 bp compared
with 150-bp /IsA identified in full-length LIPI-3, due to a common C-to-A substitution that
resulted in a PMSC (Fig. 5; Table S3). The remaining eight l[SAGHX-harboring strains har-
bored llsA2 but lacked the intact llsA due to an insertion of a cytosine immediately after
the start of llsA, which led to a frameshift and PMSCs, eventually resulting in the failure to
annotate this gene (Fig. 3B and 5). These genetic changes, i.e.,, PMSCs and frameshifts,
appear to be limited to /sA, since such variations were not observed when the length of
other /ls genes was analyzed and protein sequences encoded by other /ls genes were
aligned (Table S3; data not shown).

In pairwise comparisons with Clustal Omega, llSAGHX, which is expected to yield both
LIsA and LIsA2, exhibited similarities ranging from 95.3% to 100.0% while lSAGHX, which
encodes LIsA2 but not LIsA, was more highly conserved (97.5% to 100.0% identity) (Table
S2). Compared with the full-length LIPI-3 regions from L. innocua and L. monocytogenes,
IIsSAGHX displayed higher similarities with the full-length LIPI-3 of L. innocua than with LIPI-
3 of L. monocytogenes (Table S2). These tendencies were also observed in the pairwise
comparisons employing BLASTn for LIPI-3 and its flanking regions (Fig. 3B).

Analysis of several L. innocua strains with partial LIPI-3 reported by Moura et al. (CLIP
2016/00427, CLIP 2016/00428, and FDA00005074) as well as CFSAN045773 (18) revealed
that all harbored the partial LIPI-3 /lSAGHX downstream of guadA (Fig. 3B). The partial LIPI-3
regions from strains CLIP 2016/00427 and CLIP 2016/00428, which were almost identical
(100.0% identity with only a few mismatches), exhibited lower similarity (95.4 to 96.8%
identity) to lISAGHX from our panel (Table S2). However, the presence of both llsA and llsA2
and the similarity in the DNA sequence including flanking regions suggest that the partial
LIPI-3 of L. innocua CLIP 2016/00427 and CLIP 2016/00428 closely resembles those of
ST1482 strains in our panel (Fig. 3B). Furthermore, in these strains the PMSC in /llsA was at
the same location as in ST1482 (Fig. 5; Table S3). On the other hand, the L. innocua ST1008
strains FDA00005074 and CFSAN045773 harbored a partial LIPI-3 identical to our strains of
ST1008 and also encoded only the intact LIsA2 but not LIsA in LIPI-3 (Table S2; Fig. 3B),
providing evidence for clonal conservation of the partial LIPI-3.

Analysis of the L. seeligeri llsGHX revealed that it was highly conserved (99.7% to
100.0% identity) in this species but differed considerably from other LIPI-3 in L. innocua or
L. monocytogenes, whether partial or full length, with similarities ranging from 72.2% to
73.5% in pairwise comparisons using Clustal Omega (Table S2). This diversification of the L.
seeligeri llsGHX was also manifested in the phylogenetic tree of LIPI-3, where llsGHX formed
a group distinct from other LIPI-3 cassettes (Fig. 4A), as well as in pairwise comparisons of
LIPI-3 and its flanking genes with L. monocytogenes F2365 (harboring full-length LIPI-3)
and L. innocua SKWL107 (harboring a partial LIPI-3) (Fig. 3D). In spite of various attempts,
we could not identify any genes homologous to known bacteriocin genes near llsGHX
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(Fig. 3D); however, we cannot exclude the possibility that an unknown bacteriocin might
be encoded in the vicinity of this partial LIPI-3.

LIPI-3 is undergoing genetic diversification in bacteriocin genes after being
horizontally acquired by nonpathogenic Listeria spp. Our data and those from previ-
ous studies (17, 18) indicate that, when present in L. innocua, LIPI-3 was integrated in the
same locus as in L. monocytogenes but was frequently truncated, missing the four genes in
the 3’ portion of the island, and /lsA can harbor frequent PMSCs. Our analysis furthermore
revealed a frameshift in llsA caused by the insertion of one nucleotide in several L. innocua
strains and also identified L. seeligeri strains with a partial LIPI-3 lacking bacteriocin genes
(Fig. 3D and 5). Such findings suggest that LIPI-3 might be undergoing reductive evolution,
resulting in the degeneration of this island. However, the commonly missing genes were
all involved in the modification of LIsA, and it is conceivable that their functions are per-
formed by genes involved in processing other bacteriocins, potentially resulting in the pro-
duction of an intact or differently modified bacteriocin.

With the exception of lIsA and llsA2, the GC content of /ls genes was lower than the
genome average of L. innocua (37%) (22), ranging from 24.3 to 30.7% (Table S3), sug-
gesting that they were acquired via horizontal gene transfer (HGT). On the other hand,
the GC content of llsA ranged between 35.0 and 37.3% in strains harboring a partial
LIPI-3 and between 37.3 and 38.0% when lIsA was on a full-length LIPI-3 (Table S3). The
newly identified /[sA2 had GC content from 31.5 to 35.0%, which tended to be higher
when [IsA2 was located next to the intact /lsA than when [IsA2 resided along with a
PMSC in the otherwise complete /IsA sequence, leading to the absence of /lsA, in LIPI-3
(Table S3). As with lIsA, the highest GC content was observed in /IsA2 genes harbored
by full-length LIPI-3 regions (34.2 to 35.0%) (Table S3). Variability in the GC content of
these bacteriocin genes was not surprising considering their small size of less than
160 bp, where GC content can be affected even by a small number of nucleotide
changes. Our data suggest that /IsA or llsA2 may have been acquired independently
from other LIPI-3 genes and may be undergoing genetic changes that result in lower
GC content, in agreement with the trend toward diversification of LIPI-3 genes.

Previous studies showed that in L. monocytogenes, the llsA-encoded listeriolysin S is
expressed only in the animal intestine and is a contact-mediated bacteriocin that impacts
virulence by modulating the composition of the gut microbiota (12, 13, 23). It is therefore
perplexing that LIPI-3 is harbored by many strains of L. innocua and occasional strains of L.
seeligeri. LIPI-3, whether truncated or full length, in nonpathogenic Listeria spp. did not
lead to hemolysis, since none of L. innocua strains in our panel, including those with the
full-length LIPI-3, exhibited hemolysis (data not shown). This was also supported by the
study conducted by Moura et al. in 2019, which reported that hemolysis observed in L.
innocua is closely associated with the harborage of the full-length LIPI-1 but not with the
presence of LIPI-3 (18). The potential roles of LIPI-3 in the ecology and adaptations of these
nonpathogenic strains remain to be elucidated. It is conceivable that LIPI-3 may be an ob-
solete genetic element in several of these nonpathogenic strains that harbor truncated
versions of the island and llsA with PMSCs and frameshifts. On the other hand, our findings
clearly indicate the presence of full-length and likely functional LIPI-3 in L. innocua strains
from wildlife and surface water. It is thus plausible that LIPI-3 in such nonpathogenic
strains may confer specific fitness advantages by modulating the microbial community in
the corresponding environmental niches (e.g., gut or feces of the wildlife host), similarly to
its roles observed in L. monocytogenes.

Intact LIPI-4 was stably maintained in all L. innocua strains, in the same location
as in L. monocytogenes. As discussed above, the 6-gene pathogenicity island LIPI-4 was
originally discovered during the analysis of genomic regions unique to the L. monocyto-
genes hypervirulent clone CC4 and was shown to be critical for neurovirulence in a murine
model (15). Subsequent findings revealed that LIPI-4 was also harbored by other clones of
L. monocytogenes (10, 14, 16), and a study of LIPI-3 in L. innocua reported that the investi-
gated strains also harbored LIPI-4 (18). However, there has been overall surprisingly limited
discussion of the presence, diversity, and roles of this pathogenicity island in nonpatho-
genic Listeria spp. Initial analysis of the strains in our panel with Genome Comparator
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revealed that full-length LIPI-4 was harbored only by L. innocua, where it was detected in
all 36 strains of this species regardless of their origin and MLST-derived genotype (Table
S1; Fig. 2A and Q). Partial LIPI-4 cassettes were never encountered, and no PMSCs were
identified in any of the LIPI-4 genes (Tables S1 and S5), in agreement with a previous
report on L. innocua strains from other sources (18). In all the L. innocua strains in our panel
as well as those previously examined (18), LIPI-4 was in the same genetic location as in L.
monocytogenes, between a Cof-type HAD-IIB family hydrolase gene (Imo2359 homolog) and
a gene encoding a YhgE/Pip domain-containing protein (/mo2360 homolog), which has not
been previously identified among genetic hot spots in L. monocytogenes (Fig. 3E) (20).

LIPI-4 was highly conserved (97.0% to 100% identity) among the L. innocua strains
from our panel as well as with those investigated previously (18) (Table S4). LIPI-4 har-
bored by different clones of L. monocytogenes, i.e., the ST4 strain CLIP 80459 and the
ST382 strain CFSAN023463, was also found to have similarly high conservation (99.9%
identity) (Table S4). However, noticeably lower similarity (83.7 to 84.0% identity) was
noted between LIPI-4 of L. innocua and its counterpart in L. monocytogenes (Table S4),
suggesting that L. innocua and L. monocytogenes harbor two distinct LIPI-4 variants.
This finding was clearly visualized in the phylogenetic tree of LIPI-4 sequences (Fig. 4B)
and BLASTn analysis of the DNA sequences encompassing LIPI-4 and adjacent genes
(Fig. 3E). The overall GC content of LIPI-4 was below the genome average of L. innocua
(37%) and L. monocytogenes (39%) (22) (Table S5), suggesting that LIPI-4 genes were
acquired via HGT.

The ubiquity of full-length LIPI-4 in L. innocua and the observed absence of PMSCs
are in marked contrast with the findings regarding LIPI-3, which was harbored only by
certain strains, was often partial with several genes missing, and exhibited PMSCs and
frameshifts, suggesting a lack of functionality. The ubiquity and apparent genetic sta-
bility of LIPI-4 in L. innocua may be indicative of specific selection pressures to which
this species is exposed that necessitate preservation and functionality of this island.
Our findings support the hypothesis that LIPI-4 was originally harbored by the ances-
tral lineage that subsequently differentiated into the pathogen L. monocytogenes and
the nonpathogenic species L. innocua and that it was widely retained in the latter but
only in clonal complex 4 (CC4) and a few other clones of the former, with subsequent
differentiation reflected in the observed sequence divergence between the LIPI-4 var-
iants in the two species. Alternatively, LIPI-4 might follow a similar evolutionary route
toward degeneration in L. innocua as observed in LIPI-3, but it might not have been
given sufficient time to amass ample genetic changes. However, this hypothesis can-
not explain the fact that LIPI-4 is encountered among only a few clones of L. monocyto-
genes, which suggests that, in the same time span, LIPI-4 in L. monocytogenes might
have experienced such drastic genetic changes that this island was lost from a majority
of the L. monocytogenes population.

It is noteworthy that in L. monocytogenes, both LIPI-3 and LIPI-4 are harbored primarily
by certain clones of lineage |, mostly of serotype 4b, and are extremely rare in other line-
ages (11, 14-16). This distribution is suggestive of a common habitat shared by lineage | L.
monocytogenes and L. innocua, with microbial community composition and environmental
conditions promoting maintenance of the pathogenicity islands. The similar teichoic acid
composition between serotype 4b L. monocytogenes and L. innocua (24) may promote
HGT via transducing phages utilizing specific teichoic acid receptors and may contribute
to the observed distribution of these islands. Further studies are needed to characterize
the roles of the islands in the environmental ecology and adaptations of nonpathogenic
Listeria spp. such as L. innocua. This will be especially valuable for LIPI-4, which may consti-
tute an intriguing model for genetic elements evolving in response to differential selection
pressures in pathogenic versus nonpathogenic species.

Conclusions. In this study, we scrutinized the genetic diversity and evolution of
two pathogenicity islands, LIPI-3 and LIPI-4, that enhance the virulence of the human
pathogen L. monocytogenes but were also encountered in nonpathogenic Listeria spp.
While both islands appear to be acquired via HGT, LIPI-3 showed various signs of
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genetic diversification such as the absence of several genes and PMSCs in the bacterio-
cin gene lIsA, whereas for LIPI-4, a single variant distinct from the L. monocytogenes
counterpart was stably harbored by all tested L. innocua strains but in no other nonpa-
thogenic Listeria spp. These findings demonstrate divergent fates that a horizontally
transferred pathogenicity island faces within nonpathogenic bacterial species, possibly
due to dissimilar selection pressures to maintain such an island during the life cycle of
nonpathogenic bacteria. Investigation of the functions of LIPI-3 and LIPI-4 in nonpatho-
genic Listeria spp. would be a fascinating topic for future research to understand how
genes evolve and play distinct roles in a different genomic background.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The nonpathogenic Listeria species strains investigated in
this study are listed in Table S1. They included seven nonpathogenic Listeria spp. and, with the excep-
tion of one strain from bovine feces, were isolated in the course of previous studies from surface water,
water-immersed rocks or debris, and wildlife (American black bears [U. americanus]) (Table S1) using pre-
viously described methods (25, 26). The strains were routinely cultured at 37°C in tryptic soy broth with
0.6% yeast extract (Becton, Dickinson and Co., Sparks, MD, USA) or in brain heart infusion (BHI) broth
(Becton, Dickinson and Co.) and were preserved at —80°C in BHI broth with 20% glycerol.

WGS analysis. Whole-genome sequences were obtained as described previously (25). Briefly, ge-
nomic DNA was extracted with a DNeasy blood and tissue kit (Qiagen, Valencia, CA, USA) from overnight
cultures grown in BHI broth and then was utilized to construct libraries with a Nextera XT DNA library
preparation kit (lllumina, San Diego, CA, USA). Genome sequence was obtained with a NextSeq 500/550
high-output kit v2.5 and a NextSeq 500 sequencer (300 cycles, 2 x 150 bp) (Illumina). Resultant FASTQ
files were quality-trimmed and de novo assembled with CLC Genomics Workbench v. 20 (Qiagen,
Aarhus, Denmark) and the quality of assemblies was measured with QUAST v.4.6.4 (27). Listeria sp. desig-
nations were determined employing the pyani software package (https://github.com/widdowquinn/
pyani) (28). MLST-based ST and CC designations were assigned employing the MLST package (https://
github.com/tseemann/mlst) as previously described (25) or the PubMLST database (https://bigsdb
.pasteur.fr/listeria/) maintained by the Institut Pasteur. CC designations were double-checked with the
PubMLST database. Genes were annotated with Prokka (version 1.14.5; available in the Docker image
downloaded at https://hub.docker.com/r/staphb/prokka) (29).

Retrieval of genome sequences from the NCBI. Selected genome sequences of other Listeria
strains were retrieved from the NCBI database. To obtain the prototype LIPI-3, we downloaded from
NCBI the genome of L. monocytogenes F2365, ST1, accession no. NC_002973.6 (11, 30, 31). For LIPI-4, we
downloaded the genome of the ST4 strain L. monocytogenes CLIP 80459 (accession no. NC_012488.1)
(31). Additional L. monocytogenes genomes from NCBI included the 2014 stone fruit outbreak strain
CFSANO023463, ST382, harboring both LIPI-3 and LIPI-4 (accession no. NZ_CP012021.1) (16), and the ST6
strain H7858 from the 1998-1999 hot dog outbreak, harboring LIPI-3 but lacking LIPI-4 (accession no.
GCF_000167155.1) (11, 30). To compare our strains with LIPI-3 and LIPI-4 regions previously reported in
L. innocua, we included the six L. innocua strains ATCC 33091, CFSAN045773, and 12KSM (reported to
harbor both LIPI-4 and full-length LIPI-3; belonging to ST132, ST1008, and ST2347, respectively; acces-
sion no. GCF_000241405.1, SRR3345521, and GCF_000960735.1, respectively); CLIP 2016/00427 and CLIP
2016/00428 (reported to harbor LIPI-4 and a partial LIPI-3 with a premature stop codon in llsA; ST188;
accession no. ERR2729679 and ERR2729680, respectively); and FDA00005074 (reported to harbor LIPI-4
and a partial LIPI-3 without /lsA; ST1008; accession no. SRR3137591) (18). GenBank and FASTA files of
complete genome sequences (F2365, CLIP 80459, and CFSAN023463) were downloaded directly from
the NCBI website, while those from the incomplete genomes (H7858, ATCC 33091, and 12KSM) were
downloaded programmatically from their FTP sites using custom Bash scripts. For genomes of
CFSAN045773, CLIP 2016/00427, CLIP 2016/00428, and FDA00005074, FASTQ files were downloaded
from the NCBI SRA database and assembled with SPAdes at PATRIC (https://www.patricbrc.org/), gener-
ating FASTA files containing contigs which were subsequently annotated with Prokka as described
above (29, 32, 33). ST designations of the previously studied L. innocua strains were determined with
PubMLST database.

Extraction of LIPI-3 and LIPI-4 from the genome sequence data. LIPI-3 and LIPI-4 genes in our
strain panel were initially examined with Genome Comparator (https://bigsdb.pasteur.fr/cgi-bin/bigsdb/
bigsdb.pl?db=pubmlst_listeria_isolates&page=plugin&name=GenomeComparator) using default param-
eters with the Virulence scheme, which indicated the presence or absence of each gene and its allele
number. Each GenBank file was visualized as a circular map with CGView Server (http://cgview.ca/) (34),
and regions homologous to the sequence encompassing the prototype LIPI-3 or LIPI-4 along with its
flanking regions were marked on the map. The query sequence for LIPI-3 BLAST2 contained genes from
LMOF2365_RS05560 (guaA) to LMOF2365_RS05620 in L. monocytogenes F2365, whereas that for LIPI-4
BLAST2 consisted of genes from LM4B_RS11740 to LM4B_RS11775 in L. monocytogenes CLIP 80459. These
sequences were determined using previous studies and information available in the Virulence Factor
Database (http://www.mgc.ac.cn/cgi-bin/VFs/pai.cgi?PAIID=P025 for LIPI-3 and http://www.mgc.ac.cn/
cgi-bin/VFs/pai.cgi?PAIID=P026 for LIPI-4) (11, 31, 35). Regions homologous to the query sequence in
each genome were manually inspected to identify a region including LIPI-3 or LIPI-4 and adjacent genes,
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which was extracted from the GenBank file of the genome with custom scripts using Bash and
Biopython, generating both GenBank and FASTA files that were utilized in subsequent analyses (36).

Identification of additional genes in LIPI-3. Preliminary comparison of LIPI-3 and its adjacent genes
in F2365 with the counterpart in several Prokka-annotated genomes revealed that /llsA and lIsP were over-
looked by Prokka. Hence, we utilized the ORF detection program getorf (version EMBOSS:6.5.7.0) in the
EMBOSS Docker image (version v6.5.7_cv2 [https://hub.docker.com/r/biocontainers/emboss]) with the pa-
rameters modified so that any ORFs ranging from 100 bp to 4,000 bp could be identified in both strands
within a designated region, and protein sequences encoded in the ORFs translated with bacterial genetic
code were obtained (-table 11 -minsize 100 -maxsize 4000 -find 1 -reverse “Y” -flanking 0) (37, 38). Searches
for llsA were done within the intergenic region upstream of /llsG and its 101-bp flanking regions in all the
LIPI-3 regions, whereas llsP was looked for in the intergenic region downstream of /lsD and its 101-bp flank-
ing regions in the full-length LIPI-3 regions. The protein sequences of the ORFs identified via getorf were sub-
jected to a BLASTp search against the NCBI nr database using Biopython, and only the ORFs whose BLASTp
hits contain designated keywords (“listeriolysin” for LIsA and “CPBP” for LIsP) were incorporated into the
GenBank file containing LIPI-3 and flanking regions (36, 39). When no listeriolysin or bacteriocin gene was
identified in the vicinity of /lsG (strains AlO257A, MC478A, and MLA910A), the getorf program was imple-
mented again to find smaller ORFs (30 to 100 bp), and their BLASTp outputs were manually inspected. Also,
five genes flanking LIPI-3 in each side in strain AI0O257A were extracted with Biopython and bioawk (https://
github.com/lh3/bioawk) and further analyzed with BLASTp in an attempt to identify potential bacteriocin
genes near LIPI-3 (36, 39). When [IsA and lIsP were already annotated in the genome, as observed for strains
F2365, CFSAN023463, H7858, ATCC 33091, and 12KSM, we searched for ORFs of 100 to 4,000 bp to identify
any additional bacteriocin genes in the intergenic region upstream of llsA and its 101-bp flanking regions, as
well as the intergenic region upstream of /lsG and its 101-bp flanking regions. The resulting ORFs were ana-
lyzed with BLASTp, and those similar to listeriolysin or bacteriocin were added to the GenBank files that
include LIPI-3 and its flanking regions. Subsequent analyses were conducted with the GenBank files of the
LIPI-3 region containing flanking genes that were obtained with these annotation approaches.

To investigate the characteristics of the newly identified /lsA2, LIsA and LIsA2 in L. monocytogenes
F2365 were compared with BLAST2 using the blastp algorithm, and LIsA2 was also subjected to a
BLASTp search against the NCBI nr database and an NCBI conserved-domain search (39, 40). Promoters
were searched for in the 200-bp region upstream of the start codon of F2365 llsA2 using BPROM (41),
and the Shine-Dalgarno sequence (42) was visually inspected.

Detection of PMSCs and evidence of HGT in LIPI-3 and LIPI-4 genes. To identify PMSCs in LIPI-3
and LIPI-4 genes, the DNA and protein sequences of homologous genes were extracted using Biopython
from the GenBank files (36). PMSCs were detected by comparing the size of DNA sequences of homolo-
gous genes and aligning the protein sequences via Clustal Omega (version 1.2.1) in the clustal-omega
Docker image of the BioContainers project (version v1.2.1_cv5 [https://hub.docker.com/r/biocontainers/
clustal-omegal) (38, 43), since those with PMSCs are expected to be shorter than their homologs and ex-
hibit similarity only in a part of the protein sequence containing the N terminus of the intact protein.

To identify single nucleotide polymorphisms (SNPs) in /lsA that lead to significant genetic changes,
including PMSCs, DNA sequences spanning 300 bp upstream region of /lsG and 10 bp of /IsG were
extracted with bioawk from the FASTA files of LIPI-3 and its flanking regions, so that all the bacteriocin
genes in LIPI-3 were included. These sequences were aligned with Clustal Omega in the clustal-omega
Docker image of the BioContainers project (38, 43). Then, the output was visually inspected to identify
PMSCs or SNPs that may result in frameshifts. The GC content of individual genes was determined using
Biopython to obtain evidence of HGT (36).

Construction of phylogenetic trees and MSTs. Pan-genome SNPs were aligned with kSNP (version
3.1; available in the Docker image obtained at https://hub.docker.com/r/staphb/ksnp3) generating the align-
ment file in FASTA format, which was utilized to construct a phylogenetic tree with MEGA X (available in the
Docker image downloaded at https://hub.docker.com/r/pegi3s/megax_cc/) using the neighbor-joining
method with 1,000 bootstraps (44, 45). The Newick tree file generated with MEGA X was visualized along
with the strain metadata using R library ggtree (version v3.0.1; available in the Docker image of version
3.0.1-r41hdfd78af_0 obtained at https://quay.io/repository/biocontainers/bioconductor-ggtree?tab=tags)
(46). Phylogenetic trees were also constructed with DNA sequences containing only LIPI-3 or LIPI-4 genes.
FASTA files of the LIPI-3 and LIPI-4 regions without any flanking sequences were generated with custom
scripts using Bash and Biopython from the GenBank files containing LIPI-3 and its flanking regions (36).
These sequences were first aligned with Clustal Omega provided by EMBL-EBI (https://www.ebi.ac.uk/Tools/
msa/clustalo/), resulting in the alignment file in FASTA format, from which a phylogenetic tree was con-
structed with MEGA X and visualized with ggtree as described for the genome phylogenetic tree (43, 45, 46).
Relatedness among the genomes and correlations with metadata were visualized in minimum spanning
trees (MSTs) generated with GrapeTree (https://github.com/achtman-lab/GrapeTree/releases) after retrieving
the MLST allele information of housekeeping genes corresponding to the ST designations from the
PubMLST database (47).

Pairwise comparisons of LIPI-3 and LIPI-4. To compare LIPI-3 regions, FASTA files of the LIPI-3
regions without any flanking sequences were aligned with Clustal Omega in the clustal-omega Docker
image of the BioContainers project (38, 43). The percent similarity of each pair was identified by inspect-
ing the percent identity matrix file generated by this analysis. Additionally, to compare the similarity of
LIPI-3 sequence and its location, LIPI-3 regions along with their flanking regions were compared pairwise
among the strains in our panel and with those from L. monocytogenes strains H7858, F2365, and
CFSAN023463 and from the previously reported L. innocua strains ATCC 33091, CFSAN045773, 12KSM,
CLIP 2016/00427, CLIP 2016/00428, and FDA00005074 (18). This analysis was conducted with BLAST2
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(version 2.10.0+; included in the Docker image downloaded at https://hub.docker.com/r/ncbi/blast)
using the blastn algorithm and was visualized with Easyfig (39, 48). These processes were also applied to
LIPI-4 with the exception that L. monocytogenes strains CFSAN023463 and CLIP 80459 were utilized in
the comparisons.
Data availability. The raw sequence reads were deposited in the NCBI database, and the accession
numbers are listed in Table S1.
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